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Abstract Purpose: Chronic pul-
monary hypertension (PH) therapy is
poorly investigated in intensive care.
Our aim was to evaluate haemody-
namic and neuroendocrine effects of
the dual endothelin-1 (ET-1) blocker
tezosentan in monocrotaline (MCT)-
induced PH. Methods: Male Wistar
rats (180–200 g, n = 194) randomly
received 60 mg kg-1 MCT or vehi-
cle, subcutaneously, and 2 days later,
a subgroup of MCT-injected rats was
gavaged with 300 mg kg-1 day-1
bosentan (MCT BOS, n = 46), while
another (MCT, n = 125) and control
rats (Ctrl, n = 23) received vehicle.
At 25–30 days, 48 h after interrupting
bosentan, rats randomly underwent
either a dose–response evaluation
(0.5–20 mg kg-1, n = 7 each group)
or a 4 h perfusion of tezosentan
(20 mg kg-1 in 10 min ? 10 mg g-1
h-1) or vehicle (n = 8 per group,
each). Haemodynamics, including
blood gas analysis, were evaluated
after thoracotomy under anaesthesia.
After plasma, right ventricle (RV)
and lung collection, plasma ET-1,
cytokines, nitrate and 6-keto-PGF1a,
and lung and right ventricular gene
expression and cyclooxygenase
(COX) and nitric oxide synthase
(NOS) activities were quantified.
Results: Monocrotaline resulted in
PH, RV dilation and decreased car-
diac output (CO) that were attenuated
in MCT BOS. Pulmonary hyperten-
sion was attenuated by tezosentan
without systemic hypotension.
Tezosentan increased CO without
changing ventilation-perfusion
matching. Both bosentan and tezos-
entan reduced ET-1 and cytokine
plasma levels and tissue expression,
and inducible NOS and COX-2 RV
activities. Bosentan increased nitrate
plasma levels and non inducible NOS
activities whereas tezosentan
decreased circulating 6-keto-PGF1a
but increased lung COX-1 activity.
Conclusions: Tezosentan may be
useful for haemodynamic handling
and bosentan replacement in critically
ill PH patients exerting important
beneficial neuroendocrine and anti-
inflammatory actions.
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Introduction
Pulmonary hypertension (PH), the most serious chronic
disease of the pulmonary circulation, defined by mean
pulmonary artery pressure greater than 25 mmHg, con-
sists of an heterogeneous group of disorders characterized
by vascular remodelling that leads to right ventricular
(RV) failure. Currently, combined lung arteries vasodi-
lators are the mainstay of treatment [1, 2]. Regrettably,
acute therapy, which is of major importance to critical
care practice, has been poorly investigated [3]. One of the
most successful therapeutic approaches to PH, endothelin-
1 (ET-1) blockade [4], is mostly restricted to chronic oral
administration, and therefore is of limited utility. Tezos-
entan, a dual ET-1 antagonist, however, was developed
for intravenous use and optimized to be rapidly-acting and
short-lived, [5] and therefore is suited for fine dose
adjustment to a desired haemodynamic effect. Moreover,
it has advantages over the cumbersome inhaled therapies.
Nevertheless, most lung vessel vasodilators are negative
inotropes, either by direct myocardial actions, systemic
hypotension, decreased coronary perfusion [6] or simply
by reducing afterload [7]. Additionally, disturbances in
ventilation-perfusion (VQ) matching are also usual, and
could lead to hypoxia [8]. Endothelin-1 is a strong posi-
tive inotrope [9] but when chronically activated, as it
happens in the failing heart, this supportive role is lost
[10], suggesting ET-1 blockade could actually improve
performance. As for VQ matching, acute ET-1 antago-
nism improved alveolar-arterial O2 difference in lung
injury [11] and did not disturb VQ matching in pulmonary
thromboembolism [12]. Tezosentan has been found ben-
eficial in acute experimental PH [13, 14] and also in an
experimental model of left–right shunt in the newborn
lamb [15], but a characterization of its pulmonary and
myocardial effects in adult experimental chronic PH is
lacking. Additionally, the myocardial and pulmonary
vascular mechanisms involved in ET-1 blockade and
whether tezosentan can be an effective replacement
therapy for bosentan is also undefined. Our goal was to
evaluate the haemodynamic, local myocardial and pul-
monary, and systemic neuroendocrine effects of acute
ET-1 antagonism with tezosentan in chronic PH induced
by monocrotaline (MCT) in rats and to assess whether




Male Wistar rats, 180–200 g (Charles-River, Barcelona,
Spain), randomly received 60 mg kg-1 MCT (Sigma
Chemical, St Louis, MO) or vehicle subcutaneously
administered. Randomly, 48 h later, some MCT-injected
animals were gavaged 300 mg kg-1 day-1 bosentan
(30 mg mL-1 in 5% gum Arabic; kindly provided by
Actelion pharmaceuticals) (MCT BOS; n = 46), while
others (MCT; n = 125) and controls (Ctrl; n = 23)
received vehicle. Rats were housed five per cage under
controlled environment (22C, 12:12 h light–dark).
Experiments conformed to the Guide for Care and Use
of Laboratory Animals (National Institutes of Health,
Pub.No. 85-23, revised 1996).
Haemodynamics
After bosentan or vehicle interruption for 48 h, at days
25–30, rats were anaesthetized with sevoflurane (2.5–3%
for maintenance) and 150 lg kg-1 intraperitoneal fenta-
nyl, endotracheally intubated, mechanically ventilated
(150 min-1, 100% O2, 14–16 cmH2O inspiratory pres-
sure, with tidal volume adjusted to animal weight, and
4 cmH2O end-expiratory pressure; TOPO Small Animal
Ventilator, Kent Scientific Inc.) and kept at 38C on a heating
pad. Warm Ringer’s solution (30 mL kg-1 h-1) was
perfused through the femoral vein (Multi-Phaser
TM
, NE-
1000, New Era Pump Systems). After left thoracotomy,
under surgical microdissection (Wilde M651, Leica mi-
crosystems), pressure–volume (PV) catheters were
implanted through the apex along the left ventricle (LV)
and RV (SPR-838 and PVR-1045, Millar Instruments,
Houston, TX, respectively) long axes, a transit-time flow-
probe was placed in the ascending aorta (200–367, Triton
Technology), and a silk thread was passed around the
inferior vena cava (IVC). Arterial blood gas (ABG)
samples were collected (Stat Profile pHOx, Nova
Biomedical) from the femoral artery and ventilation
was adjusted to achieve normocapnia. After a 15 min
stabilization, recordings were done under constant hae-
modynamics and during transient IVC occlusion at
sustained end-expiration. Parallel conductance and field
inhomogeneity were estimated by 50 lL 10% saline
injections and cardiac output (CO) measurement (Active
Redirection Transit Time Flowmeter, System 6, Triton
Technology), respectively. Data were continuously
acquired (MPVS 300, Millar Instruments), digitally
recorded at 1000 Hz (ML880 PowerLab 16/30, Millar
Instruments), and analyzed (PVAN 3.5
TM
, Millar
Instruments). First, we performed a dose–response hae-
modynamic evaluation (n = 7 each group) of 0.5, 1, 5,
10, and 20 mg kg-1 intravenous tezosentan doses (kindly
provided by Actelion pharmaceuticals; freshly dissolved
in saline). Based on this assessment, an additional set of
rats randomly received either an intravenously adminis-
tered 20 mg kg-1 dose followed by 10 mg kg-1 h-1
tezosentan perfusion (TEZO; n = 8 per group), or saline
(Vehicle; n = 8 per group). Haemodynamic recordings
and ABG collection were repeated 1 h after stable effect.
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A 2 mL venous sample was withdrawn, centrifuged and
stored (-20C) after 4 h. Animals were then euthanized
by exsanguination under anaesthesia. Heparinised blood
was used for volume calibration using a cuvette with
standard wells. The heart, the RV, the LV and interven-
tricular septum (IVS), and the lungs were weighed, snap
frozen in liquid nitrogen and stored at -80C. A flow-
chart with experimental methods can be found in
Supplemental Fig. 5.
Gene expression
Total mRNA extracted from lung and RV free-wall
underwent two-step real-time reverse transcription-poly-
merase chain reaction as described [16]. Results,
normalized for b-actin, are presented relative to Ctrl
Vehicle. Primers are given in Supplemental Table 1.
Enzymatic activity
Cyclooxygenase (COX) and nitric oxide synthase (NOS)
activities (760151 and 760871, Cayman Chemical Com-
pany, respectively) were quantified in homogenates of
equal amounts of each sample with and without specific
COX-2, DuP-697 (70645, Cayman Chemical Company),
and inducible NOS (iNOS), aminoguanidine (396494,
Sigma-Aldrich), inhibitors. Background activity was
assessed by heat-inactivation. Preliminary ultrafiltration
was carried out in the NOS assay to concentrate proteins
and eliminate tissue nitrates (Amicon Ultra 30K,
Millipore).
Plasma mediators
Circulating ET-1 (S-1171, Peninsula laboratories), inter-
leukin-6 (IL-6; DE4845, Demeditec diagnostics GmbH)
and tumor necrosis factor-a (TNF-a; 45-TNFRTU-E01,
Alpco Diagnostics
TM
) were quantified by quantitative
enzyme immunoassay (UVM-340 monochromator based
reader, ASYS Hitech GmbH). For ET-1 extraction was
performed with Sep-Pak C18 columns (Waters). Nitrates
and 6-keto-PGF1a, stable nitric oxide (NO) and prosta-
cyclin (PGI2) metabolites, respectively, were also
quantified (Cat. No. 760871 and Cat. No. 515211, Cayman
Chemical Company, respectively) after removal of large
molecular weight proteins by ultrafiltration (Amicon
Ultra 30K, Millipore).
Statistical analysis
Analysis by two-way repeated-measures ANOVA for
dose–response, two-way ANOVA for haemodynamics,
ABG, gene expression, neuroendocrine and enzyme
activities, and paired t test for perfusion, with Holm-
Sidak’s method for post hoc comparisons. ANOVA on
ranks was used for non-normally distributed data. Chi-
square was used to compare mortality. Two-tailed
P \ 0.05. Variables: mean ± SEM.
Results
Animal model
Mortality rates up to the point of haemodynamic evalu-
ation were 77 and 43% (P \ 0.001), in MCT and MCT
BOS, respectively, and six and three additional rats were
lost during haemodynamic evaluation. None of Ctrl ani-
mals died during follow-up or haemodynamic evaluation.
Monocrotaline and MCT BOS presented lower body
weights. MCT showed increased RV weight and RV to
LV ? IVS weight ratio which was attenuated in MCT
BOS. No differences were observed between TEZO and
Vehicle (Supplemental Table 2).
Dose–response evaluation
Monocrotaline and MCT BOS showed increased RV
maximal pressures that were dose-dependently reduced
by TEZO, while no effect was observed in Ctrl. Dis-
tinctly, TEZO only reduced LV pressure in Ctrl, not in
MCT or MCT BOS. MCT however had lower LV max-
imal pressures compared with both Ctrl and MCT BOS
(Supplemental Fig. 6). Higher doses elicited no additional
effects (not shown).
Haemodynamic effects of tezosentan
Baseline and IVC occlusion derived haemodynamic
parameters are given in Tables 1 and 2, respectively
(representative PV loops presented in Supplemental
Fig. 7). Compared with Ctrl, MCT showed not only PH
and RV afterload (Table 1), as assessed by maximal RV
pressure and arterial elastance (EA), respectively, but also
lower heart rate (HR), decreased CO (Fig. 1a), compro-
mised RV ejection fraction (EF), disturbed relaxation, as
assessed by s (Table 1), and diastolic dysfunction, evi-
denced by an upward shift of the end-diastolic PV
relationship (Table 2). Monocrotaline BOS showed an
overall improvement compared with vehicle-treated
MCT. Acute tezosentan perfusion also decreased maximal
RV pressure and Ea both in MCT and MCT BOS, com-
pared with vehicle perfusion, whereas CO (Fig. 1a), EF,
s and end-diastolic PV relationships were only improved
in MCT and not in MCT BOS. The slope of end-systolic
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PV relationship and preload recruitable stroke work
(PRSW), load-independent indexes of contractility, were
increased in MCT compared with Ctrl, and were neither
attenuated by bosentan nor tezosentan. Since end-systolic
PV relationship slope was preserved in both MCT BOS
and MCT TEZO while EA decreased compared with
MCT, ventriculo-vascular coupling improved (Fig. 1b).
As for the LV, MCT showed reduced maximal pressures,
reduced end-diastolic volume and EF along with pro-
longed s (Table 1) compared with Ctrl, while MCT BOS
did not. Tezosentan perfusion also increased LV end-
diastolic volumes and EF in MCT whereas in Ctrl it
decreased maximal pressure. MCT showed upward-shif-
ted LV end-diastolic PV relationships that were restored
to normal both by chronic bosentan and by acute tezos-
entan therapy while PRSW was unchanged both in MCT
compared with Ctrl or by chronic and acute ET-1
blockade (Table 2).
Respiratory effects of tezosentan
Animals were normoventilated and maintained acid–base
balance throughout perfusion. Arterial O2 pressure under
stable ventilation was used as surrogate of oxygenation.
Both MCT and MCT BOS showed decreased arterial O2
pressures that were not altered by TEZO (Supplemental
Table 3).
Effects of tezosentan on endothelin-1 and cytokine
production
Monocrotaline showed increased plasma levels of ET-1,
IL-6 and TNF-a (Fig. 2c), that were accompanied by
increased local expression of TNF-a and ET-1 in the RV
(Fig. 2b) and TNF-a and IL-6 in the lung (Fig. 2a). These
were partly prevented by chronic ET-1 antagonism and
Table 1 Haemodynamics before and after vehicle and tezosentan perfusion
Before After
Ctrl MCT MCT BOS Ctrl MCT MCT BOS
Vehicle
RV
Pmax (mmHg) 34.6 ± 1.5 56.8 ± 3.9* 43.5 ± 3.8*
 30.8 ± 1.6 55.8 ± 2.5* 43.7 ± 4.3*
EDP (mmHg) 2.6 ± 0.6 4.4 ± 0.4* 3.4 ± 1.0 3.1 ± 1.2 3.8 ± 0.4 3.2 ± 0.8
EDV (lL) 229 ± 22 279 ± 32* 239 ± 39 226 ± 23 281 ± 29 259 ± 43
EF (%) 68 ± 5 31 ± 4* 43 ± 4* 66 ± 5 30 ± 4* 45 ± 4*
s (ms) 8.88 ± 0.58 10.03 ± 0.77* 9.85 ± 0.79 9.76 ± 0.43 10.57 ± 0.60 9.65 ± 1.17
EA (mmHg lL
-1) 0.24 ± 0.03 0.82 ± 0.17* 0.54 ± 0.09* 0.23 ± 0.03 1.02 ± 0.05* 0.44 ± 0.07*
LV
Pmax (mmHg) 128.0 ± 2.4 98.0 ± 7.7* 122.3 ± 9.4
 122.9 ± 2.3* 98.5 ± 7.4* 121.4 ± 7.6
EDP (mmHg) 4.5 ± 0.8 5.4 ± 0.9 4.2 ± 0.6 3.7 ± 0.6 5.7 ± 1.3 6.4 ± 0.9
EDV (lL) 244 ± 28 194 ± 31* 180 ± 19 232 ± 22 191 ± 24 209 ± 32
EF (%) 62 ± 3 51 ± 11* 53 ± 5 64 ± 5 47 ± 4* 46 ± 3*
s (ms) 6.99 ± 0.22 8.90 ± 0.29* 7.86 ± 0.56 7.44 ± 0.44 8.70 ± 0.61* 8.80 ± 0.84
EA (mmHg lL
-1) 0.93 ± 0.09 1.37 ± 0.36* 1.28 ± 0.17* 0.89 ± 0.09 1.28 ± 0.22* 1.35 ± 0.20*
HR (min-1) 429 ± 15 384 ± 23* 419 ± 11 419 ± 12 372 ± 16* 399 ± 17
Tezosentan
RV
Pmax (mmHg) 33.4 ± 0.9 60.3 ± 4.2* 52.1 ± 5.4*
 28.6 ± 11.1 49.7 ± 2.5* 42.3 ± 2.6*
EDP (mmHg) 2.4 ± 0.4 4.2 ± 0.3* 3.9 ± 0.8 1.7 ± 0.4 3.1 ± 0.4 2.6 ± 0.7
EDV (lL) 239 ± 14 289 ± 11* 231 ± 30 248 ± 20 274 ± 40 256 ± 32
EF (%) 68 ± 3 32 ± 3* 48 ± 3* 63 ± 4 48 ± 4* 45 ± 3*
s (ms) 8.85 ± 0.47 11.32 ± 0.44* 9.78 ± 0.99 8.57 ± 0.50 9.76 ± 0.44 9.67 ± 1.17
EA (mmHg lL
-1) 0.21 ± 0.01 0.77 ± 0.10* 0.60 ± 0.10* 0.20 ± 0.01 0.45 ± 0.05 0.40 ± 0.06
LV
Pmax (mmHg) 124.8 ± 2.6 98.7 ± 3.2* 125.7 ± 8.5
 110.9 ± 6.6 94.7 ± 3.3* 116.9 ± 7.5
EDP (mmHg) 4.0 ± 0.7 5.1 ± 0.7 5.3 ± 0.8 4.6 ± 0.5 4.2 ± 0.5 4.4 ± 0.7
EDV (lL) 247 ± 17 189 ± 9* 213 ± 22 234 ± 24 202 ± 20 230 ± 30
EF (%) 64 ± 3 49 ± 5* 52 ± 6 66 ± 4 58 ± 3 52 ± 3
s (ms) 7.38 ± 0.17 9.96 ± 0.78* 8.33 ± 0.53 7.55 ± 0.39 9.35 ± 0.56* 8.59 ± 0.59
EA (mmHg lL
-1) 0.83 ± 0.04 1.16 ± 0.15* 1.25 ± 0.10* 0.69 ± 0.06 0.83 ± 0.10 1.01 ± 0.11
HR (min-1) 409 ± 13 354 ± 13* 399 ± 23 404 ± 16 338 ± 17* 383 ± 26
Right (RV) and left ventricular (LV) haemodynamic parameters in
vehicle-injected (Ctrl), monocrotaline-injected (MCT) and mono-
crotaline-injected bosentan-treated rats (MCT BOS)
Pmax maximal or systolic pressure, EDP end-diastolic pressure,
EDV end-diastolic volume, EF ejection fraction, s time constant of
isovolumetric relaxation, EA arterial elastance, HR heart rate
* P \ 0.01 versus Ctrl and  P \ 0.05 versus MCT on two-way
ANOVA;  P \ 0.01 versus before on paired t test; n = 8 per
group
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markedly attenuated with acute antagonism in MCT BOS
and MCT TEZO, respectively. Tezosentan also reduced
plasma levels of TNF-a and IL-6 in MCT BOS, whereas it
raised ET-1 RV expression and plasma levels in Ctrl
compared with Vehicle.
Effects of tezosentan on prostaglandin and NO
production
PGI2 metabolite 6-keto-PGF1a was increased both in
MCT and MCT BOS compared with Ctrl, which was
attenuated after TEZO perfusion, compared with Vehicle
(Fig. 3c). Contrastingly, TEZO increased 6-keto-PGF1a in
Ctrl. These plasma changes were accompanied by
increased RV activities of both COX-1 and -2 and also by
increased gene expression of COX-1 in MCT, that were
attenuated by chronic and acute ET-1 antagonism in MCT
BOS and MCT TEZO, respectively. While gene expres-
sion of COX-2, contrarily, was decreased in MCT with no
changes after either BOS or TEZO (Fig. 3b). As for the
lung, no changes were observed in either the expression
or enzymatic activity of COX-2, whereas COX-1 showed
increased gene expression in MCT, that was attenuated by
either chronic or acute ET-1 antagonism, and markedly
decreased activity both in MCT and MCT BOS, which
was attenuated only by acute ET-1 antagonism in MCT
TEZO (Fig. 3a). Plasma levels of nitrates were lower in
MCT and restored to Ctrl values or higher in MCT BOS.
Tezosentan had no effect compared with Vehicle
(Fig. 4c). Plasma changes were paralleled by lower non-
inducible NOS activity in the lung (Fig. 4a) and RV
Table 2 Inferior vena cava occlusions before and after vehicle and tezosentan perfusion
Before After




k1 0.006 ± 0.001 0.015 ± 0.003* 0.011 ± 0.003 0.007 ± 0.001 0.016 ± 0.004* 0.010 ± 0.003
k2 1.24 ± 0.29 0.25 ± 0.10 0.68 ± 0.21 0.92 ± 0.22 0.33 ± 0.20 0.90 ± 0.46
ESPVR (linear)
Slope (Emax), (mmHg lL
-1) 0.22 ± 0.04 0.50 ± 0.09* 0.50 ± 0.07* 0.24 ± 0.03 0.56 ± 0.12* 0.45 ± 0.09*
Intercept (lL) -74.5 ± 34.8 71.5 ± 42.1* 33.2 ± 26.1* 7.0 ± 15.5 87.0 ± 37.9* 43.3 ± 11.47*
PRSW (mmHg) 20.8 ± 2.9 27.6 ± 3.3* 29.4 ± 3.4* 17.0 ± 2.4 28.6 ± 5.0* 29.4 ± 2.7*
LV
EDPVR (exponential)
k1 0.015 ± 0.004 0.025 ± 0.005* 0.014 ± 0.003
 0.013 ± 0.003 0.036 ± 0.003* 0.011 ± 0.002
k2 0.92 ± 0.47 2.70 ± 1.02 1.07 ± 0.53 2.69 ± 1.31 1.72 ± 0.73 1.09 ± 0.48
ESPVR (linear)
Slope (mmHg lL-1) 0.97 ± 0.23 2.42 ± 0.55* 1.89 ± 0.15 1.18 ± 0.24 2.52 ± 0.62* 1.76 ± 0.10
Intercept (lL) -28.4 ± 52.2 41.4 ± 17.8 39.9 ± 4.8 -35.0 ± 21.4 14.7 ± 12.0 23.5 ± 4.5




k1 0.007 ± 0.002 0.015 ± 0.002* 0.013 ± 0.002 0.007 ± 0.001 0.012 ± 0.002
 0.013 ± 0.002
k2 0.84 ± 0.17 0.25 ± 0.06 0.90 ± 0.54 0.81 ± 0.20 0.60 ± 0.11
 0.40 ± 0.22
ESPVR (linear)
Slope (Emax) (mmHg lL
-1) 0.21 ± 0.04 0.50 ± 0.06* 0.60 ± 0.03* 0.22 ± 0.04 0.52 ± 0.06* 0.47 ± 0.07*
Intercept (lL) -58.2 ± 51.1 45.9 ± 20.2* 83.3 ± 17.1* -13.2 ± 20.4 24.1 ± 9.6* 76.3 ± 35.7*
PRSW (mmHg) 17.6 ± 1.8 29.5 ± 2.6* 34.4 ± 1.4* 15.0 ± 2.0 33.6 ± 3.6* 34.5 ± 3.9*
LV
EDPVR (exponential)
k1 0.012 ± 0.002 0.023 ± 0.002* 0.013 ± 0.004
 0.013 ± 0.002 0.012 ± 0.001 0.009 ± 0.003
k2 0.85 ± 0.24 0.38 ± 0.32 0.88 ± 0.37 0.67 ± 0.28 1.15 ± 0.18
 1.04 ± 0.37
ESPVR (linear)
Slope (mmHg lL-1) 1.04 ± 0.14 2.11 ± 0.50* 1.56 ± 0.28 0.94 ± 0.12 2.25 ± 0.74* 1.70 ± 0.16
Intercept (lL) -21.2 ± 33.8 3.9 ± 24.8 44.4 ± 39.2 -25.5 ± 25.3 9.6 ± 22.6 38.5 ± 12.7
PRSW (mmHg) 104.7 ± 17.8 121.3 ± 8.8 110.8 ± 17.7 130.9 ± 25.8 136.4 ± 17.5 121.3 ± 19.6
Right (RV) and left ventricular (LV) load-independent indexes
derived from inferior vena cava occlusions in vehicle-injected
(Ctrl), monocrotaline-injected (MCT) and monocrotaline-injected
bosentan-treated rats (MCT BOS)
EDPVR end-diastolic pressure–volume relationship, k1 and k2,
indexes of exponential function, ESPVR end-systolic pressure–
volume relationship, Emax maximal elastance, PRSW, slope of
preload recruitable stroke work
* P \ 0.01 versus Ctrl and  P \ 0.05 versus MCT on two-way
ANOVA;  P \ 0.01 versus before on paired t test; n = 8 per group
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(Fig. 4b) of MCT that was attenuated by chronic ET-1
antagonism in MCT BOS but only abrogated in the RV,
not in the lung, by TEZO, whilst iNOS was overactive
both in the lungs and RV of MCT. Tezosentan markedly
attenuated both lung and RV activities whereas BOS only
attenuated RV activity. As for gene expression, while in
the RV no changes were observed in either eNOS or
iNOS, in the lung eNOS was upregulated in MCT and
MCT BOS, with no change after TEZO, and iNOS was
downregulated in MCT, which was attenuated both by
short-term and chronic ET-1 antagonism.
Discussion
We demonstrate that an acute intravenous infusion of the
short acting dual ET-1 antagonist tezosentan attenuates
PH, without compromising VQ matching or systemic
pressure and even improving CO and ventriculo-vascular
coupling, while concomitantly blunting inflammatory and
vasoconstrictor mediator production in chronic experi-
mental PH induced by MCT in rats. Part of these effects
were also observed after previous therapy with bosentan.
Monocrotaline-induced PH is a well-established
model with extensive neuroendocrine and inflammatory
activation that rapidly progresses to RV failure [16]. In
MCT we observed PH and increased afterload that were
accompanied not only by RV hypertrophy but also by
disturbed ventriculo-vascular coupling, RV dilation,
decreased EF and CO, and compromised diastolic func-
tion. As for the LV, MCT showed decreased end-diastolic
volumes, compromised diastolic function and lower LV
maximal pressures, as expected by ventricular interaction
[17]. Regarding gas exchange, under normoventilation
MCT showed lower arterial O2 pressures as expected
[18]. Also as described, circulating levels of ET-1 and RV
gene expression were increased [16], which was accom-
panied by marked inflammatory activation, as assessed by
TNF-a and IL-6 gene expression and plasma concentra-
tions [19]. Pulmonary hypertension is an inflammatory
condition with endothelial dysfunction and loss of vas-
cular control mechanisms. The imbalance between
vasodilators and vasoconstrictors, namely an altered local
ratio of thromboxane A2 (TxA2) to PGI2, decreased
expression of eNOS, and increased ET-1 plays an
important role in its pathophysiology [20]. Inflammatory
activation also compromises myocardial function. As
reported, plasma NO levels and lung activity of eNOS
were reduced in MCT-induced PH [21], while PGI2 pro-
duction was increased [22], which could be due to
concomitant heart failure (HF), with platelet activation
and systemic production [23], since it is normally
decreased in human PH [24]. Nevertheless, prostanoid
lung synthesis was compromised, since COX-1 activity
was markedly reduced, as observed in hypoxic pigs that
showed decreased PGI2 to TxA2 ratio [25]. On the other
hand, in the RV of MCT, we observed high iNOS and
inducible COX-2 activation. iNOS mediates the negative
inotropic effects of cytokines, generating high NO quan-
tities that profoundly depress myocardial function [26],
while COX-2 produces high levels of prostanoids, medi-
ating TNF-a responsiveness through TxA2 production
[27], and was shown to be upregulated in the failing heart
Fig. 1 Cardiac output (a) and right ventricular (RV) ventriculo-
vascular coupling (b) before and after perfusion of saline (Vehicle)
or tezosentan (TEZO) in vehicle-injected (Ctrl), monocrotaline-
injected (MCT) and monocrotaline-injected bosentan-treated rats
(MCT BOS); Ctrl (circular symbols), MCT (triangular symbols)
and MCT BOS (quadrangular symbols) were given either a
20 mg kg-1 TEZO intravenous loading dose during 10 min,
followed by a perfusion of 10 mg kg-1 h-1 (white symbols) or
the corresponding volume of Vehicle (black symbols). Emax
maximal elastance, EA arterial elastance. *P \ 0.01 versus Ctrl,
P \ 0.05 versus MCT and P = 0.028 versus Vehicle on two-way
ANOVA; §P \ 0.001 vs before on paired t test; n = 8 per group
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[28]. Additionally, in the failing MCT RV we also
observed decreased eNOS and increased COX-1 activi-
ties. eNOS, the major NO source in the normal heart, is
reduced in HF and restoration of its activity exerts pro-
tective actions [29], whereas COX-1 is typically increased
by oxidative stress and its antagonism exerts beneficial
effects [30].
Right ventricle disturbances were attenuated in MCT
BOS and ventriculo-vascular coupling was improved, as
reported [31]. Systemic hypotension, as assessed by LV
maximal pressures, was not observed which could be not
only due to restored LV preload and reduced ventricular
interaction but also to improved myocardial function [16]
and preserved CO. Chronic ET-1 antagonism did not alter
overall VQ matching. Contrarily to earlier stages of dis-
ease [32], chronic ET-1 antagonism reduced plasma
concentration and RV expression of ET-1 in MCT,
probably due to attenuation of PH [16, 31] and not to
ET-1 antagonism itself [5]. Indeed, plasma ET-1 levels
increased in Ctrl after tezosentan. Alongside haemody-
namic benefits and reduced ET-1 activity, MCT BOS also
showed increased NO plasma levels and eNOS lung
activity, as reported for bosentan-treated PH patients [33].
Nevertheless, our main goal was to evaluate the effects
of the short-acting intravenous dual ET-1 antagonist te-
zosentan in chronic PH. Since perfusion doses were not
previously established for this model we carried out a
dose–response evaluation. Tezosentan dose-dependently
reduced RV maximal pressures up to 20 mg kg-1, doses
higher than previously described [34], without significant
reduction of LV pressure, not only in MCT but also in
MCT BOS, suggesting an additional benefit of acute ET-1
blockade even after chronic bosentan. Based on previous
works that have shown molecular changes as soon as 4 h
after drug perfusion [35], we then evaluated haemody-
namic, respiratory and neuroendocrine responses to
Fig. 2 Lung (a) and right ventricular myocardium gene expression
(b) of tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6) and
endothelin-1 (ET-1) and corresponding plasma levels (c) in vehicle-
injected (Ctrl), monocrotaline-injected (MCT) and monocrotaline-
injected bosentan-treated rats (MCT BOS) undergoing either
perfusion of vehicle (black bars) or tezosentan (TEZO; white
bars); gene expression was normalized for b-actin and is presented
in an arbitrary unit (AU), set as the average of Ctrl Vehicle.
*P \ 0.05 versus Ctrl, P \ 0.05 versus MCT, and P \ 0.05
versus vehicle; n = 7 per group
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tezosentan. While vehicle had no effects, tezosentan
attenuated PH and RV afterload, both in MCT and MCT
BOS. Ventriculo-vascular coupling, EF and CO, however,
were only improved in MCT. Similar to chronic ET-1
antagonism, tezosentan did not disturb VQ matching.
Moreover, tezosentan perfusion was also able to acutely
reduce circulating levels and RV expression of ET-1 in
MCT, as observed after chronic bosentan. Both chronic
and acute dual ET-1 antagonism with bosentan and te-
zosentan, respectively, attenuated inflammation in MCT,
namely TNF-a and IL-6 circulating concentrations and
tissue expression, which could be due not only to direct
ET-1 antagonism [36], but also to the beneficial haemo-
dynamic effects and improved CO and thus better tissue
perfusion. Additionally, it should be mentioned that the
anti-inflammatory effects of ET-1 antagonism might have
been partly responsible for improved haemodynamics and
lower ET-1 activity after acute and chronic ET-1 antag-
onism, as cytokines also induce ET-1 production [37].
Indeed, we observed a marked attenuation of inflamma-
tion induced iNOS and COX-2 activation in the RV of
MCT after either acute tezosentan perfusion or chronic
bosentan therapy. The fast haemodynamic, neuroendo-
crine and anti-inflammatory effects observed with
tezosentan are not surprising, since it has been successful
in experimental septic shock and acute lung injury [11].
As additional effect, tezosentan increased COX-1 activity
in the lungs of MCT. Although ET-1 induces the
expression of COX-1 [38], we interpret this upregulation
of COX-1 activity after ET-1 blockade as a consequence
of decreased pulmonary vascular load and increased flow,
as observed in cell culture [39]. Anti-inflammatory and
COX-mediated effects have been recently described also
for levosimendan in chronic experimental PH [40].
Concerning the effects of acute ET-1 antagonism in
PH animals that had previously undergone chronic ET-1
blockade. We must stress that even though bosentan was
withdrawn for 48 h its molecular effects surely will last
longer and therefore tezosentan was not expected to exert
major actions. Still, although we found no amelioration in
CO, we did observe reduced PH, improved ventriculo-
vascular coupling and further anti-inflammatory effects,
which may support its use as a replacement drug.
To conclude, we have demonstrated in chronic
experimental MCT-induced PH, that acute ET-1 antago-
nism with tezosentan attenuates Pulmonary hypertension
and improves CO with concomitant reduction of ET-1 and
inflammatory cytokine levels, and increased vasodilator
production. Part of these beneficial effects were also
observed after previous chronic ET-1 antagonism with
Fig. 3 Lung (a) and right ventricular myocardium (b) cyclooxy-
genase gene expression and enzymatic activity and 6-keto-PGF1a
plasma concentrations (c); gene expression and enzymatic activities
of cyclooxygenase-1 (COX 1) and -2 (COX 2) and plasma
concentrations of 6-keto-PGF1a in vehicle-injected (Ctrl), mono-
crotaline-injected (MCT) and monocrotaline-injected bosentan-
treated rats (MCT BOS) given vehicle (black bars) or tezosentan
(TEZO, white bars). Gene expression was normalized for b-actin
and is presented in an arbitrary unit (AU), set as the average of Ctrl
Vehicle. *P \ 0.05 versus Ctrl, P \ 0.05 versus MCT, and
P \ 0.05 versus vehicle; n = 7 per group
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bosentan. Nevertheless, though tezosentan further atten-
uated PH it did not additionally improve CO in MCT rats
previously treated with bosentan. Results suggest tezos-
entan may be a good replacement drug when the enteric
route of administration is not tolerated or a precise real-
time control of haemodynamics is required.
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components of the table. 
 Identify any previously published material by giving the original source in the form of a reference at 
the end of the table heading. 
 Footnotes to tables should be indicated by superscript lower-case letters (or asterisks for significance 
values and other statistical data) and included beneath the table body. 
Electronic Figure Submission 
 Supply all figures electronically. 
 Indicate what graphics program was used to create the artwork. 
 For vector graphics, the preferred format is EPS; for halftones, please use TIFF format. MS Office 
files are also acceptable. 
 Vector graphics containing fonts must have the fonts embedded in the files. 
 Name your figure files with "Fig" and the figure number, e.g., Fig1.eps. 
Line Art 
 Definition: Black and white graphic with no shading. 
 Do not use faint lines and/or lettering and check that all lines and lettering within the figures are 
legible at final size. 
 All lines should be at least 0.1 mm (0.3 pt) wide. 
 Line drawings should have a minimum resolution of 1200 dpi. 
 Vector graphics containing fonts must have the fonts embedded in the files. 
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Halftone Art 
 Definition: Photographs, drawings, or paintings with fine shading, etc. 
 If any magnification is used in the photographs, indicate this by using scale bars within the figures 
themselves. 
 Halftones should have a minimum resolution of 300 dpi. 
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Combination Art 
 Definition: a combination of halftone and line art, e.g., halftones containing line drawing, extensive 
lettering, color diagrams, etc. 
 Combination artwork should have a minimum resolution of 600 dpi. 
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Color Art 
 Color art is free of charge for online publication. 
 If black and white will be shown in the print version, make sure that the main information will still be 
visible. Many colors are not distinguishable from one another when converted to black and white. A 
simple way to check this is to make a xerographic copy to see if the necessary distinctions between 
the different colors are still apparent. 
 If the figures will be printed in black and white, do not refer to color in the captions. 
 Color illustrations should be submitted as RGB (8 bits per channel). 
Figure Lettering 
 To add lettering, it is best to use Helvetica or Arial (sans serif fonts). 
 Keep lettering consistently sized throughout your final-sized artwork, usually about 2–3 mm (8–12 
pt). 
 Variance of type size within an illustration should be minimal, e.g., do not use 8-pt type on an axis 
and 20-pt type for the axis label. 
 Avoid effects such as shading, outline letters, etc. 
 Do not include titles or captions within your illustrations. 
Figure Numbering 
 All figures are to be numbered using Arabic numerals. 
 Figures should always be cited in text in consecutive numerical order. 
 Figure parts should be denoted by lowercase letters (a, b, c, etc.). 
 If an appendix appears in your article and it contains one or more figures, continue the consecutive 
numbering of the main text. Do not number the appendix figures, "A1, A2, A3, etc."  
Figure Captions 
 Each figure should have a concise caption describing accurately what the figure depicts. 
 Figure captions begin with the term Fig. in bold type, followed by the figure number, also in bold 
type. 
 No punctuation is to be included after the number, nor is any punctuation to be placed at the end of 
the caption. 
 Identify all elements found in the figure in the figure caption; and use boxes, circles, etc., as 
coordinate points in graphs. 
 Identify previously published material by giving the original source in the form of a reference citation 
at the end of the figure caption. 
Figure Placement and Size 
 When preparing your figures, size figures to fit in the column width. 
 For most journals the figures should be 39 mm, 84 mm, 129 mm, or 174 mm wide and not higher than 
234 mm. 
 For books and book-sized journals, the figures should be 80 mm or 122 mm wide and not higher than 
198 mm. 
Submission 
 Supply all supplementary material in standard file formats. 
 To accommodate user downloads, please keep in mind that larger-sized files may require very long 
download times and that some users may experience other problems during downloading. 
Audio, Video, and Animations 
 Always use MPEG-1 (.mpg) format. 
Text and Presentations 
 Submit your material in PDF format; .doc or .ppt files are not suitable for long-term viability. 
 A collection of figures may also be combined in a PDF file. 
Spreadsheets 
 Spreadsheets should be converted to PDF if no interaction with the data is intended. 
 If the readers should be encouraged to make their own calculations, s preadsheets should be submitted 
as .xls files (MS Excel). 
Specialized Formats 
 Specialized format such as .pdb (chemical), .wrl (VRML), .nb (Mathematica notebook), and .tex can 
also be supplied. 
Collecting Multiple Files 
 It is possible to collect multiple files in a .zip or .gz file. 
 Electronic supplementary material will be published as received from the author without any 
conversion, editing, or reformatting. 
 If supplying any supplementary material, the text must make specific mention of the material as a 
citation, similar to that of figures and tables (e.g., ". . . as shown in Animation 3"). 
 Name your files accordingly, e.g., Animation3.mpg. 
Numbering 
 If supplying any supplementary material, the text must make specific mention of the material as a 
citation, similar to that of figures and tables (e.g., ". . . as shown in Animation 3"). 
 Name your files accordingly, e.g., Animation3.mpg. 
Captions 
 For each supplementary material, please supply a concise caption describing the  content of the file. 
Processing of supplementary files 
 Electronic supplementary material will be published as received from the author without any 
conversion, editing, or reformatting. 
Ethical standards 
Manuscripts submitted for publication must contain a statement to the effect that all human and 
animal studies have been approved by the appropriate ethics committee and have therefore 
been performed in accordance with the ethical standards laid down in the 1964 Declaration of 
Helsinki and its later amendments. 
It should also be stated clearly in the text that all persons gave their informed consent prior to 
their inclusion in the study. Details that might disclose the identity of the subjects under study 
should be omitted. 
The editors reserve the right to reject manuscripts that do not comply with the above-mentioned 
requirements. The author will be held responsible for false statements or failure to fulfill the 
above-mentioned requirements. 
Conflict of interest  
Authors must indicate whether or not they have a financial relationship with the organization that 
sponsored the research. This note should be added in a separate section before the reference 
list. If no conflict exists, authors should state: The authors declare that they have no conflict of 
interest. 
After acceptance 
Upon acceptance of your article you will receive a link to the special Author Query Application at 
Springer’s web page where you can sign the Copyright Transfer Statement online and ind icate 
whether you wish to order OpenChoice and paper offprints. 
Once the Author Query Application has been completed, your article will be processed and you 
will receive the proofs. 
Open Choice 
In addition to the normal publication process (whereby an article is submitted to the journal and 
access to that article is granted to customers who have purchased a subscription), Springer 
now provides an alternative publishing option: Springer Open Choice. A Springer Open Choice 
article receives all the benefits of a regular subscription-based article, but in addition is made 
available publicly through Springer’s online platform SpringerLink. We regret that Springer Open 
Choice cannot be ordered for published articles. 
Copyright transfer 
Authors will be asked to transfer copyright of the article to the Publisher (or grant the Publisher 
exclusive publication and dissemination rights). This will ensure the widest possible protection 
and dissemination of information under copyright laws. Open Choice articles do not require 
transfer of copyright as the copyright remains with the author. In opting for open access, they 
agree to the Springer Open Choice Licence. 
Offprints 
Additional offprints can be ordered by the corresponding author.  
Color illustrations 
Publication of color illustrations is free of charge. 
Proof reading 
The purpose of the proof is to check for typesetting or conversion errors and the completeness 
and accuracy of the text, tables and figures. Substantial changes in content, e.g., new results, 
corrected values, title and authorship, are not allowed without the approval of the Editor.  
After online publication, further changes can only be made in the form of an Erratum, which will 
be hyperlinked to the article. 
Online First 
The article will be published online after receipt of the corrected proofs. This is the official first 
publication citable with the DOI. After release of the printed version, the paper can also be cited 
by issue and page numbers. 
Languages 
Articles and abstracts must be in English or in the journal's official language(s), but the journal 
accepts additional abstracts in other languages of the author’s choice (for instance in the 
author’s first language, if not English or the journal's official language). Such abstracts are 
optional. Authors would need to supply such abstracts themselves, certify that they are a faithful 
translation of the official abstract, and they must be supplied in Unicode (see www.unicode.org 
for details), especially if they are using non-roman characters. http://www.unicode.org 
Such abstracts in other languages will carry a disclaimer:  
"This abstract is provided by the author(s), and is for convenience of the users only. The author 
certifies that the translation faithfully represents the official version in the language of the 
journal, which is the published Abstract of record and is the only Abstract to be used for 
reference and citation." 
Springer Open Choice™ 
Springer operates a program called Springer Open Choice. It offers authors to have their journal 
articles made available with full open access in exchange for payment of a basic fee ('article 
processing charge'). 
With Springer Open Choice the authors decide how their articles are published in the leading 
and well respected journals that Springer publishes. Springer continues to offer the traditional 
publishing model, but for the growing number of researchers who want open access, Springer 
journals offer the option to have articles made available with open access, free to anyone, any 
time, and anywhere in the world. If authors choose open access in the Springer Open Choice 
program, they will not be required to transfer their copyright to Springer, either.  
Whatever the decision, an author’s work will always benefit from  all Springer has to offer. There 
is no difference in the way that they are treated between Springer Open Choice articles and 
other articles among the well over 100,000 that Springer publishes annually. All articles will be 
peer-reviewed, professionally produced, and available both in print and in electronic versions on 
SpringerLink. In addition, every article will be registered in CrossRef and included in the 
appropriate Abstracting and Indexing services. Springer Open Choice articles will have the 
possibility of incorporating additional non-text files such as sound or video in the electronic 
edition. 
Authorship and Contributorship 
An "author" is generally considered to be someone who has made substantive intellectual 
contributions to a published study, and biomedical authorship continues to have important 
academic, social, and financial implications (1). In the past, readers were rarely provided with 
information about contributions to studies from persons listed as authors and in 
Acknowledgments (2). Some journals now request and publish information about the 
contributions of each person named as having participated in a submitted study, at least for 
original research. Editors are strongly encouraged to develop and implement a contributorship 
policy, as well as a policy on identifying who is responsible for the integrity of the work as a 
whole. 
While contributorship and guarantorship policies obviously remove much of the ambiguity 
surrounding contributions, they leave unresolved the question of the quantity and quality of 
contribution that qualify for authorship. The ICJME has recommended the following criteria for 
authorship; these criteria are still appropriate for journals that distinguish authors from other 
contributors. 
 Authorship credit should be based on 1) substantial contributions to conception and design, 
acquisition of data, or analysis and interpretation of data; 2) drafting the article or revising it critically 
for important intellectual content; and 3) final approval of the version to be published . Authors should 
meet conditions 1, 2, and 3. 
 When a large, multicenter group has conducted the work, the group should identify the individuals 
who accept direct responsibility for the manuscript (3). These individuals should fully meet the 
criteria for authorship/contributorship defined above and editors will ask these individuals to complete 
journal-specific author and conflict-of-interest disclosure forms. When submitting a manuscript 
authored by a group, the corresponding author should clearly indicate the preferred citation and 
identify all individual authors as well as the group name. Journals generally list other members of the 
group in the Acknowledgments. The NLM indexes the group name and the names of individuals the 
group has identified as being directly responsible for the manuscript; it also lists the names of 
collaborators if they are listed in Acknowledgments. 
 Acquisition of funding, collection of data, or general supervision of the research group alone does not 
constitute authorship. 
 All persons designated as authors should qualify for authorship, and all those who qualify should be 
listed. 
 Each author should have participated sufficiently in the work to take public responsibility for 
appropriate portions of the content. 
Some journals now also request that one or more authors, referred to as "guarantors," be 
identified as the persons who take responsibility for the integrity of the work as a whole, from 
inception to published article, and publish that information. 
Increasingly, authorship of multicenter trials is attributed to a group. All members of the group 
who are named as authors should fully meet the above criteria for authorship/contributorship.  
The group should jointly make decisions about contributors/authors before submitting the 
manuscript for publication. The corresponding author/guarantor should be prepared to explain 
the presence and order of these individuals. It is not the role of editors to make 
authorship/contributorship decisions or to arbitrate conflicts related to authorship.  
Contributors Listed in Acknowledgments 
All contributors who do not meet the criteria for authorship should be listed in an 
acknowledgments section. Examples of those who might be acknowledged include a person 
who provided purely technical help, writing assistance, or a department chair who provided only 
general support. Editors should ask corresponding authors to declare whether they had 
assistance with study design, data collection, data analysis, or manuscript preparation. If such 
assistance was available, the authors should disclose the identity of the individuals who 
provided this assistance and the entity that supported it in the published article. Financial and 
material support should also be acknowledged. 
Groups of persons who have contributed materially to the paper but whose contributions do not 
justify authorship may be listed under such headings as "clinical investigators" or "participating 
investigators," and their function or contribution should be described-for example, "served as 
scientific advisors," "critically reviewed the study proposal," "collected data," or "provided and 
cared for study patients." Because readers may infer their endorsement of the data and 
conclusions, these persons must give written permission to be acknowledged.  
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